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Using the model system of ferroelectric domain walls, we explore the effects of long-range dipolar
interactions and periodic ordering on the behavior of pinned elastic interfaces. In piezoresponse
force microscopy studies of the characteristic roughening of intrinsic 71◦ stripe domains in BiFeO3
thin films, we find unexpectedly high values of the roughness exponent ζ = 0.74± 0.10, significantly
different from those obtained for artificially written domain walls in this and other ferroelectric ma-
terials. The large value of the exponent suggests that a random field-dominated pinning, combined
with stronger disorder and strain effects due to the step-bunching morphology of the samples, could
be the dominant source of pinning in the system.
PACS numbers: 68.35.Ct, 77.80.Dj, 75.85.+t, 68.37.Ps
The rich static and dynamic physics of pinned elas-
tic interfaces can be understood in terms of the com-
petition between the flattening effects of elasticity and
fluctuations in the potential energy landscape, and de-
scribes phenomena as diverse as contact lines [1], imbi-
bition fronts [2], vortices in type II superconductors [3],
fracture propagation [4], magnetic domain walls [5], and
surface growth [6]. Ferroelectric domain walls provide a
useful model system in which many aspects of such glassy
behavior can be readily accessed [7]. Previous studies of
roughening, nonlinear dynamics, and aging have focused
primarily on individual domain walls in uniaxial mate-
rials [8]. However, a particularly interesting experimen-
tal and theoretical challenge is posed by systems where
coupled ferroic orders (such as ferroelectricity and fer-
roelasticity, or ferroelectricity and (anti)ferromagnetism
[9]), as well as long-range interactions could lead to more-
complex behavior.
Room-temperature multiferroic BiFeO3 is an excellent
candidate for investigating such phenomena. In this per-
ovskite, polarization orientation along the eight pseu-
docubic [111] axes gives rise to three domain wall types
(180◦, purely ferroelectric, and 71◦, 109◦, also ferroelas-
tic), with magnetoelectric coupling between the ferroelec-
tric and antiferromagnetic orders [10]. In addition, un-
usual domain wall functionalities [11, 12] hold promise
for future nanoelectronic applications [13, 14]. BiFeO3
films with specific polarization orientations, and domain
structures ranging from nanoscale, sometimes fractal-
like “bubbles” to well-defined stripes can be obtained
by adapting the deposition conditions and substrate [15–
17]. Artificial domains can also be written by a biased
scanning probe microscopy (SPM) tip, although this pro-
cedure can introduce significant electrochemical changes
[18]. Intrinsic stripe domains follow standard Landau-
Lifshitz-Kittel scaling of domain period w ∼ h1/2 with
the sample thickness h [19], while in samples with frac-
tal bubble domains, a modified 0.59 exponent and ap-
parent one-dimensional roughening of artificial domains
were observed [20].
Previous studies considered the domain walls as in-
dividual interfaces weakly pinned by disorder, with
monoaffine roughness scaling characterized by a single-
valued roughness exponent ζ, dependent only on the
disorder universality class and the system dimensional-
ity. However, the heterogeneous disorder of ferroelectric
thin films, with local universality class fluctuations and
strong pinning [21], has recently been shown to lead to
a breakdown of monoaffinity [22]. Moreover, in periodic
systems interactions between neighboring interfaces can
limit roughening and change the effective dimensionality
[23]. To better understand the roughening of BiFeO3 do-
main walls, the possible effects of interactions, complex
domain structure, and a heterogeneous, potentially dy-
namic disorder landscape must therefore be considered.
In this Letter, we report on a direct comparison of
the roughening of individual, well-separated artificial do-
main walls written in bubble domain films with that of
intrinsic, periodic stripe domains. We find a roughness
exponent ζ = 0.48 ± 0.09 for the former, in good agree-
ment with previous measurements [20]. Intrinsic stripe
domains show much higher ζ = 0.74 ± 0.10 values, pos-
sibly reflecting the dominant effects of random field pin-
ning.
BiFeO3 thin films were epitaxially grown by radio fre-
quency off-axis magnetron sputtering on 10 nm LaNiO3
electrodes on TiO2 terminated (001) SrTiO3 single-
crystal substrates. Adapting the deposition conditions,
thinner type I films with bubble domains, and thicker
type II films with stripe domains were obtained [24]. The
films used present 0.2 and 0.5 nm rms surface roughness,
respectively, with unit cell steps and some granularity in
the 60 nm type I film (Fig. 1(a)), and a step-bunching
morphology in the 300 nm type II film (Fig. 2(a)) as pre-
viously seen in thick BiFeO3 [16]. Piezoresponse force
microscopy (PFM) reveals four in-plane polarization vari-
ants in type I films, and thus 71◦ and 109◦ domain walls,
with small, somewhat irregular and elongated bubble do-
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FIG. 1. Topography (a), vertical (b), and lateral (c,d) PFM phase images of an artificial rectangular domain in the as-grown type
I film. Blue arrows indicate cantilever orientation. (e) Renormalized n=2-8 displacement-displacement correlation functions
for the full left domain wall show fanning. (f) The correlation functions collapse when only the boxed segment is considered.
(g) Roughness function of the boxed segment, with roughness exponent ζ extracted by fitting (solid (red) line).
mains, as can be seen in Fig. 1(b)-Fig. 1(d). Type II films
present a stripe pattern with only two in-plane polariza-
tion variants, and thus only 71◦ domain walls, as shown
in Fig. 2(b).
To quantify the roughness scaling for intrinsic and ar-
tificial domain structures, we carried out detailed PFM
measurements in both samples. In the type I film, we
wrote artificial rectangular domains with negative SPM
tip bias, switching the out-of-plane polarization com-
ponent to obtain clearly defined noninteracting domain
walls (Fig. 1(b)) separated by at least 1µm. The in-
plane polarization is also modified [25, 26] (Fig. 1(c) and
Fig. 1(d)), giving a complex, mixed 71◦/109◦/180◦ char-
acter across the domain wall. SPM writing also affects
the sample surface, inducing initially strong vertical PFM
amplitude contrast, which gradually decays with time,
and permanent raised features or particulates in the writ-
ten areas. We attribute these effects to a combination
of reversible surface charging and reorientation of mo-
bile defects, and minor irreversible surface damage dur-
ing switching. In contrast to these artificial structures,
the intrinsic 71◦ walls of long (up to 20µm) stripe do-
mains in the type II film, formed during sample growth
without exposure to high intensity switching fields, show
no such surface modification. The stripe domains present
a clear periodicity w ∼100 nm and preferred orientation,
globally aligned with the step-bunching direction, as well
as obvious wandering and tapering off or branching of in-
dividual domains.
To analyze the roughening of artificial or intrinsic do-
main walls, we first map their position from binarized
vertical or lateral PFM phase images, respectively. For
a given length scale r, we extract the relative displace-
ments from the elastically optimal reference configura-
tion, determined by least squares fitting, as ∆u(r) =
u(z) − u(z + r), where u(z) are the transverse displace-
ments at longitudinal coordinate z along the wall. The
characteristic roughness scaling can be obtained from the
central moments
Mn(r) = 〈|∆u(r)|n〉 ∝ rn ζn (1)
of the probability distribution function of these relative
displacements or from the related correlation functions
Cn(r) = 〈|∆u(r)|n〉1/n ∝ rζn (2)
where 〈 · · · 〉 and · · · average over z, and over different
disorder realizations, respectively, and ζn is the nth mo-
ment scaling exponent [27]. For weak disorder pinning,
interfaces are well described by a monoaffine Gaussian
probability distribution function [28], and the Cn(r) col-
lapse to a universal curve when normalized by the r- and
ζ-independent Gaussian ratio RGn = C
G
n (r)/C
G
2 (r) [29].
We applied this test to n=2-8 orders.
For the type I film, we find that for ∼40% of the
artificial domain walls monoaffine scaling breaks down
when their full length (5-6µm) is considered, as shown
in Fig. 1(e), with clear fanning and offset of the Gaussian-
normalized Cn(r). Since the roughness function B(r) =
M2(r) ∝ r2 ζ can only be defined for monoaffine scal-
ing, this observation underlines the importance of such
analysis before extracting a universal roughness exponent
ζn = ζ ∀n. As for artificial Pb(Zr0.2Ti0.8)O3 (PZT ) do-
main walls [22], the breakdown of monoaffinity can be re-
lated to highly localized features leading to strong fluctu-
ations of the domain wall position. Their exclusion allows
monoaffinity to be recovered (Fig. 1(f)). Considering 43
monoaffine domain wall segments 0.8-5.9µm long for suf-
ficient statistics, we then determined B(r) (Fig. 1(g)). As
a result of the artificial writing process with linear SPM
tip motion [30], B(r) rapidly saturates at r∗ ∼ 100 nm,
with equilibration to power-law roughness scaling only at
short length scales, from which ζ can be extracted. Aver-
aging B(r) yields ζavg = 0.51, while averaging individual
roughness exponents yields ζ¯ = 0.48±0.09. These values
are close to measurements of artificial domain walls in
BiFeO3 (ζavg = 0.56)[20] and PZT (ζ¯ = 0.57± 0.05)[22].
3FIG. 2. Simultaneously obtained (a) topography and (b) lat-
eral phase images of step bunching and intrinsic 71◦ stripe
domains. Blue arrow indicates cantilever orientation. The
inset in (b) indicates the in-plane polarization orientation.
(c) Average roughness B(r) for domain walls > 6µm, with
saturation of relative displacements at ∼100 nm (dashed red
line).
The intrinsic 71◦ domain walls in the type II film
present a rather different behavior. Although once again
we observe localized breakdown of monoaffinity, this can
be related to structural features (Fig. 2(a) and Fig. 2(b)
solid (green) ellipse) or to branching or avoidance in-
teractions between different stripe domains (Fig. 2(a)
and Fig. 2(b) dashed (black) circle). Considering B(r)
(Fig. 2(c)) for the longest (6-16µm) monoaffine do-
main wall segments, from which such features have been
excluded, we find an extensive power-law growth re-
gion, with an unexpectedly high ζavg = 0.74. Av-
eraging individual roughness exponents likewise yields
ζ¯ = 0.74 ± 0.10, as shown in the inset of Fig. 3(a) for
all 92 monoaffine domain wall segments, ranging from
2.5 to 15.9µm. We also observe a flattening at the low-
est length scales, and saturation for r > 2.5µm. While
we believe the flattening at lowest length scales to be an
artifact of the finite imaging resolution [31] [32], the sat-
uration at r > 2.5µm appears robust, and cannot be a
writing artifact, since the intrinsic domains are formed
during high-temperature growth, allowing better equili-
bration with the disorder landscape.
To better understand the roughening behavior, we
need to consider the complex experimental situation in
BiFeO3 thin films, where combined effects of long-range
interactions, both dipolar and strain mediated, as well
as the nature of the disorder and the periodicity of the
system for the case of the 71◦ stripe domains need to be
explicitly addressed.
For randomly pinned periodic systems, above a crit-
ical length scale rP interactions limit the relative dis-
placements of the individual interfaces or manifolds to
below the system periodicity, leading to a much slower
growth of B(r) ∼ log(r) [23]. Thus, the observed satu-
ration of B(r) corresponding to relative displacements of
∼100 nm, comparable to the stripe domain periodicity,
could reflect a crossover to a regime dominated by inter-
actions between neighboring domain walls. However, in
this case, the roughness exponent measured in the ran-
dom manifold regime at small length scales below rP ,
where individual interfaces freely wander in the disorder
landscape, would reflect the higher effective dimension-
ality of the system, incompatible with the high exponent
value observed for the 71◦ domain walls.
Modification of the expected roughness exponent value
is also possible when long-range interactions “stiffen” the
interface along one or more directions. For ferroelectric
domain walls, dipolar interactions were shown to increase
the effective dimensionality, leading to lower values of the
roughness exponents [33, 34]. Considering dipolar forces
as a first approach towards long-range effects, we find
that the effective elastic energy term contains two parts:
one related to the Ginzburg gradient term, quadratic in
the local variation of polarization across the domain wall
[14] leading to a standard short-range q2 elasticity, the
second related to the dipolar interactions with a more
complex form (see Supplemental Material). The angle
which minimizes the dipolar energy corresponds exactly
to that between the neighboring in-plane pseudocubic
orientations, as observed experimentally via lateral PFM
(Fig. 2(b)). The analysis of the dipolar energy for 71◦
domain walls in BiFeO3 shows that the resulting elas-
tic energy of the wall is anisotropic in its dependence
on the wave vector of the domain wall fluctuations with
respect to the out-of-plane direction (see Supplemental
Material). Interestingly, the resulting effective dimen-
sionality depends on the angle between the in-plane po-
larization components across the domain wall. For iso-
lated domain walls, dominant dipolar interactions would
lead to a |q| elastic coefficient along the wall, and thus
to roughness ζRB,d=1,D = ζRB,d=2,D = 0.2, for both
one-dimensional and two-dimensional walls, as compared
to ζRB,d=1,E = 2/3 and ζRB,d=2,E ' 0.4 for the stan-
dard q2 elasticity. For random-field disorder, the expo-
nent for a dipolar-interaction-dominated elasticity would
be ζRF,d=1,D = ζRF,d=2,D = 1/3 and ζRF,d=1,E = 1,
ζRF,d=2,E = 2/3 for a standard q
2 elasticity. Although
none of these values directly correspond to the exper-
imental observations, the closer match appears to be
with random-field disorder in the one-dimensional case,
since the random-bond exponent values are systemati-
cally lower than those observed experimentally. Random
fields with a crossover between a dipolar-dominated elas-
ticity and a standard (short-range) elasticity could thus
lead to an exponent compatible with the experimental
value. Of course other effects must be considered as well,
in particular the effects of long-range strain interactions,
so the full theoretical interpretation of the observed ex-
ponent is extremely challenging. In any case, given the
wide range of possible roughness exponents, above all it
is crucial to determine the value of ζ as accurately as
possible.
This value can be strongly under- or overestimated by
different analysis methods [31], and is especially prob-
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FIG. 3. (a) Average structure factor S(q) versus the cor-
rected wave vector q˜ for 92 monoaffine intrinsic 71◦ domain
walls, with roughness exponent fitting (solid red line). Inset:
Histogram of the corresponding individual roughness expo-
nents ζ, with mean ζ¯ indicated by the (solid red) line. (b)
Roughness exponent ζ as a function of stitching length, with
saturation value (dashed orange line) determined by fitting
(solid red line).
lematic for values close to ζ ∈ N. To verify the high
ζ value we obtained from the roughness function B(r),
we therefore used the Fourier transform uˆ(q) of the dis-
placement u(r)− u¯ from its mean value u¯ to compute the
monoaffine structure factor [35–37]:
S(q) = |uˆ(q)|2 ∝ q−(1+2ζ) (3)
This method [38] not only returns more reliable ζ val-
ues, but also allows ζ ∈ R, which is especially important
if ζ→1. In contrast, the roughness function B(r) lim-
its ζ values between 0 and 1. Extracted from the average
structure factor S(q) for the same set of 92 walls as in the
inset in Fig. 3(a), the roughness exponent ζavg,SF = 0.74
nonetheless confirms the high value. We attribute the
flattening at higher q˜ values to the same tip resolution
limitation which led to a saturation of B(r) at lower
length scales r [31].
One additional important feature of the type II sam-
ple is the step bunching morphology and its potential
interaction with domain walls. Step bunching on vici-
nal SrTiO3 substrates was shown to generate anisotropic
strain gradients, introducing nonuniform local internal
fields [39], and was also associated with vertical misfit
dislocations [40]. Such features could give rise to strong
correlated pinning, in particular of ferroelastic ferroelec-
tric domain walls, for which the simple assumption of
random disorder may no longer be valid, and more ap-
propriate theoretical models including the complex inter-
nal structure and energy landscape of BiFeO3 , schemat-
ically represented in Fig. 4(a), may need to be consid-
ered. However, as can be seen in Fig. 4(c), we observe
that while the stripe domains (blue lines) generally align
with the step bunching direction (step edges marked in
black, from Fig. 4(b)), and domain walls follow particu-
larly steep step edges for 1-3 µm segments, they also in
many cases traverse across them, suggesting that some
Miscut angle
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FIG. 4. (a) Schematic diagram of different possible pinning
centers in a BiFeO3 film with step bunches (larger steps) and
terraces with unit cell steps (smaller steps). 71◦ domain walls
are drawn as solid (black) lines on top of the film and dashed
(black) lines into the film. The small (dark blue) spots and
the larger (dark red) spots indicate weak pinning centers and
threading dislocations, respectively. The color gradient indi-
cates the strain gradient introduced by the substrate’s vici-
nality, whereas the blue (dark) and the yellow (bright) areas
indicate the strained and relaxed BiFeO3 regions. (b) Topog-
raphy image of the type II BiFeO3 film overlaid with the edges
of the step bunches (dark lines). Areas of higher step density
and terraces are marked by the red and blue bar below the
figure. (c) Overlay of the step-bunch edges (dark lines) with
the domain walls (red lines) extracted from the lateral phase
image of the same region as (b).
degree of randomness is still present. Regions with a
high density of step bunching, as well as wide terraces
with unit-cell steps show similar distribution and rough-
ness of domain walls.
To further explore the possibility of correlation be-
tween the step bunching morphology and domain wall
roughening, we used a simple windowing method to ex-
clude larger excursions in u(r), possibly arising from such
a correlation, and from branching/avoidance between do-
mains. Splitting every individual domain wall into seg-
ments of length ∆l, we subtracted the slope with respect
to the first and last point for each segment, then artifi-
cially restitched them. This procedure allows roughening
to be analyzed as a function of ∆l, beyond which corre-
lations in the relative displacements are effectively re-
moved, while retaining high statistics for sufficient aver-
aging. Distinct regimes such as short length scale rough-
ening due to disorder crossing over to strong correlated
pinning at large length scales should lead to different
roughness exponents. We would, therefore, expect dis-
tinct plateaus in the evolution of B∆l(r) and ζstitch. How-
ever, Fig. 3(b) shows rapidly increasing ζavg,stitch with
only one saturation regime for ∆l > 2.5µm (blue cir-
cles), and a saturation value of ζsat = 0.79 as an upper
bound (dashed orange line), indicating no second length
scale regime with a different roughness value.
Taken together, these results suggest that the 71◦ do-
main walls in the striped BiFeO3 phase act as individual
random manifolds over the length scales of observation,
5with a single roughening regime characterized by a high-
value roughness exponent ζ = 0.74± 0.10.
One scenario, compatible with the observed value,
would be that of random-field pinning of one-dimensional
domain walls. In the BiFeO3 samples, the quasiperiodic
step-bunching morphology which could potentially pro-
vide strong correlated pinning lines and influences the
global alignment of the domain walls, appears nonethe-
less to allow some randomness in their actual position,
but could perhaps contribute to a field-dominated pin-
ning. However, to ascertain the actual microscopic mech-
anism, further studies taking into account the complexity
of BiFeO3 and its domain walls both theoretically and ex-
perimentally are needed. We see our results as a strong
motivation for such further investigation of the roughness
behavior of ferroelectric domain walls in the presence of
strong and/or correlated disorder/defects.
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